The Stone-Wales rearrangement has long been considered as a plausible, albeit hypothetical, mechanism for fullerene annealing and isomerizations. In the view of a recently applied new catalyst, KCN, for incorporation of noble gases in fullerenes, the CN radical is studied here computationally as a possible catalytic species acting in kinetics of the Stone-Wales fullerene transformation, and a possible role of K ϩ is also investigated. The computations are performed on the PM3-optimized bowlshaped model C 34 H 12 to which the CN radical is attached by its C or N atom. The activation energies are evaluated at the UPM3, UHF/6-31G*, UB3LYP/6-31G*, ROB3LYP/6-31G*, ROHF/6-31G**, and ROB3LYP/6-31G** levels. However, the reduction of the kinetic barrier owing to the catalyst action is modest so that a free N atom, neutral or charged, still remains a more efficient option. Effects of negatively charged CN species and of K ϩ are also found insufficient. Small amounts of nitrogen are indeed always present during fullerene synthesis, especially from He gas.
Introduction R
ecently, Cross and Saunders reported [1] that addition of KCN increases incorporation of noble gases in fullerenes. It has also been known that addition of KCN and other potassium salts promotes [2] dimerization of C 60 . Neither the incorporation mechanism [3] nor the mechanism for Stone-Wales isomerizations is really understood; however, a catalytic action is likely [4] to operate in the latter case, too.
Stone and Wales suggested [5] a formal isomerization process that allowed for interconversions between fullerene isomers [6, 7] . This pyracylene rearrangement has commonly been called the Stone-Wales transformation. However, it has still represented a somewhat hypothetical cage isomerization process for rearrangements of the rings in fullerenes as its direct observation has not yet been possible (but its alternative has not yet been suggested). It can be viewed as a movement of two carbon atoms during which two bonds are broken and, thus, it is not necessarily a convenient, feasible kinetic process. In fact, it is thermally [6] forbidden according to the Woodward-Hoffman rules for concerted reactions [8] .
Various aspects of the Stone-Wales rearrangement have frequently been computed [9] . Stanton [10] computed the reaction energetics at the MNDO level. Murry et al. examined [11] kinetics of the Stone-Wales transformation as an essential part of the fullerene annealing and fragmentation. They concluded that a nonconcerted process with an sp 3 intermediate should be more convenient than inplane concerted mechanism. This finding is also in agreement with the fact that the nonconcerted process is not Woodward-Hoffman forbidden. This sp 3 nonconcerted mechanism has further been evaluated [12] [13] [14] [15] . The Stone-Wales transformation can be used for generation of comprehensive topological maps for interconversions of fullerene isomers [16] . The transformation can also be further generalized [17] . Walsh and Wales [18] recently treated the C 60 isomerizations as a complex kinetic scheme using the master equation approach [19] and a density functional tight-binding potential.
Even if the sp 3 nonconcerted mechanism for the Stone-Wales rearrangement is considered, the computed [11] activation barriers remain still relatively high. It has been known that kinetic barriers in fullerene reactions can be reduced [20] through photochemical mechanisms. Indeed, we tried to reduce [13] the isomerization activation barriers through kinetics in an electronically excited state. However, it has turned out [13] [14] [15] that the computed barrier reduction through the photochemical mechanism is not really significant for the StoneWales transformation. Recently, another way to obtain a kinetically feasible Stone-Wales rearrangement has been considered, namely, catalysis by means of free atoms or small atomic clusters. In particular, an autocatalysis simply by free carbon atoms has been considered by Eggen et al. [21, 22] , i.e., stoichiometry C 61 (such stoichiometry had also been treated [23] [24] [25] previously). However, the autocatalytic computations were performed [21, 22] with a local spin density functional and this approach can underestimate activation barriers [26, 27] (in fact, the PM3 and B3LYP/6-31G* calculations [4] show relatively moderate autocatalytic effects).
We have been computing [28 -30] isomeric fullerenes and their equilibrium isomeric mixtures. Therefore, we have essentially been interested in relatively fast kinetic processes that can really efficiently establish the supposed interisomeric equilibrium. Graphite always contains small amounts of various chemical elements [31] . Similarly, N 2 comes as an impurity in the inert gas used as the medium for the fullerene synthesis. Moreover, some metals may originate from the hardware in the graphitearc apparatus. Hence, one can expect presence of small, and sometimes even substantial, amounts of noncarbon atoms in the reaction mixture, both in graphite-arc and combustion fullerene synthesis.
While we recently pointed out [4] N atoms as possible catalytic agents in the Stone-Wales transformation, the new results [1, 2] also suggest a catalytic role for the CN radical. Thus, in this article we perform model computations on the CN radical as a catalyst acting in the Stone-Wales transformation.
Computations
The computations have been performed using both semiempirical and nonempirical quantum chemical methods. The semiempirical treatment was carried out by the PM3 method [32] implemented in the SPARTAN program package [33] . The calculations started with geometry optimization at the PM3 semiempirical level for both reactant and related activated complex. The geometry optimizations were performed with no symmetry constraints in Cartesian coordinates and with analytically constructed energy gradient. Once a stationary point was reached, the harmonic vibrational analysis was carried out by a numerical differentiation of the analytic energy gradient. The vibrational analysis checked the nature of the located stationary point by means of the number of imaginary vibrational frequencies. Moreover, the vibrational eigenvector belonging to the imaginary frequency in the case of an activated complex was analyzed to confirm the related reactant/product. As we deal with an open shell, the unrestricted Hartree-Fock (UHF) approach [34] has primarily been applied at this stage (i.e., UPM3). However, related charged species have also been evaluated to avoid the open-shell situation.
In the PM3-optimized geometries, the interisomeric energetics was further evaluated at ab initio Hartree-Fock and density functional levels, using the Gaussian program package [35] . Becke's threeparameter functional with the nonlocal Lee-YangParr correlation functional was selected for density functional treatment. Two standard basis sets [34] have been applied: 6-31G* and 6-31G**. In addition to the UHF approach, restricted open-shell Hartree-Fock (ROHF) treatment has also been considered at both the HF and B3LYP levels.
Results and Discussion
The reported computations have been performed on a fragment of a bowl-like shape already employed in our previous studies [12] [13] [14] [15] . We preferred this model fragment over the complete C 60 sphere purely because of computational economy. The fragment has stoichiometry C 34 H 12 . The model should allow for a realistic curvature in the critical activation region. As already mentioned, we are interested here in the sp 3 nonconcerted mechanism. Hence, we proceed [12] [13] [14] [15] from the reactant (local minimum) to the first activated complex, then an intermediate (another local minimum) follows, and through the second activated complex the product is reached (local minimum). Clearly, we are just treating the first step of a multistep reaction scheme [36 -40] in this article. Owing to the symmetry of our model fragment we in fact deal with an autoisomerization or degenerate rearrangement. All geometry optimizations are performed without any constraints; even the hydrogen atoms at the edge are fully optimized. Any constraints would interfere with the activated complex search as they in fact prevent a physically consistent vibrational analysis. Moreover, transition-state search with constraints can sometimes produce structural artifacts. We are here primarily interested in the activation energy from the reactant to the first activated complex, ⌬E 1 . Without any catalysis, the activation energy is almost identical in the PM3 and B3LYP/ 6-31G*//PM3 approaches, being 121.6 and 124.0 kcal/mol, respectively (Table I) .
Let us move now to the catalyzed Stone-Wales transformation. Its catalysis by selected elements has been evaluated [4] , and actually the nitrogen atom exhibits in particular significant catalytic properties. At the PM3 level, the ⌬E 1 potential barrier is reduced to 26.3, 46.2, and 81.7 kcal/mol for the N, N ϩ , and N Ϫ species, respectively. If the activation barriers are recomputed at the B3LYP/6-31G*//PM3 level, they are changed to 25.0, 18.1, and 77.1 kcal/mol for the N, N ϩ , and N Ϫ species, respectively (Table I) .
We can similarly consider the CN radical as the active catalytic agent. Then, there are two principal ways to attach the CN group to the C 34 H 12 bowl: In the first approach, the C atom of the CN group is bonded to the cage model (NC-C 34 H 12 ; Fig. 1) , while in the other situation the N atom comes closer to the cage model (CN-C 34 H 12 ; Fig. 2) . Table II presents the computed activation energies ⌬E 1 evaluated for both models at six levels of theory. Although at the UPM3 level there is an interesting decrease of the kinetic barriers compared to the situation with no catalyst (Table I) , on all other levels of theory the barriers remain high. Moreover, the UHF-based computations actually suffer from spin contamination problem as seen in the calculated ͗ S 2 ͘ term (where S stands for the total spin). For example, in the NC-C 34 H 12 activated complex the UPM3 and UHF/6-31G* ͗ S 2 ͘ terms equal 5.6 and 4.1, respectively, being much off the expectation value of 0.75. Hence, the ROHF-based results should be given preference. If one considers anions, NC-C 34 H 12 Ϫ and CN-C 34 H 12 Ϫ , their catalytic performance is not very different (Table II) . Finally, a possible role of K ϩ should be investigated, too, as it is also present in the reaction mixture if KCN is added. As there are no PM3 parameters available for the K atom, the K-C 34 H 12 ϩ geometry optimizations have been carried out at the B3LYP/6-31G* level. As seen in Table II , however, there should be no significant catalytic effect from the species (although the SCF and geometry convergency in this case has been slow).
The reported results do not really support the CN radical as a potent catalyst in the Stone-Wales isomerizations. Hence, a pure N atom, neutral or charged, still remains a best option [4] 
